Disentangling the isomeric structure of C 7 H 7 + is a longstanding experimental issue. We report here the full mid-infrared vibrational spectrum of C 7 H 7 + tagged with Ne obtained with infrared-predissociation spectroscopy at 10 K. Saturation depletion measurements were used to assign the contribution of benzylium and tropylium isomers and demonstrate that no other isomer is involved. Recorded spectral features compare well with density functional theory calculations. This opens perspectives for a better understanding and control of the formation paths leading to either tropylium or benzylium ions.
Benzylium (Bz + ) and tropylium (Tr + ) ions are key isomers of C 7 H 7 + commonly produced from energized toluene (C 7 H 8 ). [1, 2, 3] Whereas Bz + consists of a benzene ring substituted with a methylene group, the Tr + isomer is a fully aromatic ion made of a 7-membered CH ring. The possibility that similar structures can be involved in the fragmentation of methyl-substitued polycyclic aromatic hydrocarbon ions has been recently discussed. [4, 5] Still, one of the major issues in these studies is the limited understanding of the formation paths of these species, that would allow us to predict and therefore control the production of one or the other isomer. On the one hand, it was shown that the choice of the precursor is important, e. g., the use of halogen-substitued toluene is expected to optimise the production of Bz + . [6] But on the other hand, the Bz + /Tr + ratio depends strongly on the various experimental conditions. [7, 8] Another point, in photoionization experiments of toluene, is that it is not possible to produce solely Tr + at appearance threshold, [9] despite calculations show Tr + being energetically more favorable than Bz + (by ∼ 38 kJ · mol −1 ; cf. Tab S3 in the SI). The latter results were interpreted as due both to the presence of a barrier in the dissociation path from toluene towards Tr + , and to the role of autoionizing states in promoting a nonstatistical formation of Bz + over Tr + . [9] In contrast to Tr + , theoretical studies show that paths towards Bz + lack high barriers, and no barrier is found in the path from benzyl chloride ionization towards Bz + formation. [10] It is known since earlier studies on C 7 H 7 + that a convenient way to identify Bz + is through ion-molecule reaction with toluene, leading to efficient formation of C 8 H 9 + . [11, 1] The non-reactive part of the ion population is then attributed to Tr + . In parallel, there have been many attempts to characterize the structure of C 7 H 7 + directly, i. e., via spectroscopy. Electronic absorption features have been studied in both Ne matrix [12] and in gas-phase by photodissociation. [13, 14] For Bz + , the vibronic structure was resolved for the S 1 ←S 0 transition but much broader features were observed for the higher excited states. Absorption features of Tr + are expected in the UV range, [12] but the data obtained in Ne matrices could not be confirmed in the gas-phase. [13] On the opposite, infrared and Raman spectra of Tr + could be obtained in solutions or in solid phase using salts. [15, 16, 17] In gas-phase, one can think of infrared multiple photon dissociation (IRMPD) vibrational spectroscopy as the technique of choice when characterizing the structure of ions in mass spectrometry experiments. [18] Information on the Bz + / Tr + dichotomy [19] could be obtained from the IRMPD spectra of derivative ions with lower dissociation thresholds compared to C 7 H 7 + . [20, 21, 19, 22] The spectroscopy of polycyclic hydrocarbon cations containing Bz + and Tr + structure was also investigated. [8, 5] However, the IRMPD spectra of pure Bz + and Tr + are still lacking, despite the efforts. [20] This could be due to the exceptional stability of these ions, or possible isomerisation issues, as found in the case of C 17 H 11 + . [5] An alternative approach to IRMPD not owning the disadvantages of the multi-photon process, is infrared pre-dissociation (IR-PD) spectroscopy of a weakly bound complex of the ion with a rare gas atom. Thanks to this technique, we were able to obtain the first complete mid-IR-PD spectra of Ne tagged C 7 H 7 + recorded in gas-phase and at low temperature. We used the cryogenic 22 pole ion trap, [23] which is coupled to the free electron laser FELIX, as described in the experimental section below. We introduced different precursors and varied the ionization conditions (cf. Tab. S1 in the SI). Figure 1 gathers the recorded experimental spectra, which appear to agree well with the calculated spectra of Bz + and Tr + using density functional theory (DFT) at the B3LYP/6-31G(d,p) level of theory as implemented in Gaussian09 suite of programs. [24] In addition, the contribution of Bz + and Tr + in each mixture could be determined directly during the spectroscopic experiment by using saturation depletion measurements. To achieve the latter, the laser is tuned in resonance with a vibrational band of interest. By applying a large number of photon pulses, the optically active isomer-Ne complex can be dissociated completely leaving only the optically inactive isomerNe complex in the trap. Recording the ion-Ne (m = 111 u) number as a function of time reveals the relative abundance of active to inactive isomers. Depletion tests for selected bands of both isomers and under varying ion source conditions are shown in Fig. 2 Tables 1 and 2 . Additional levels of theory were carried out for benchmarking (cf. Section 2 in the SI). For each level, the calculated band positions are linearly scaled with a scaling factor S, in order to match with the strongest Bz + band. From calculations on Ne tagged ions, we found that the top (T) and molecular plane (P) isomers are quasi degenerate (cf. Tab. S3 in the SI) and that the Ne tag is not expected to induce band shifts (cf. Figs. S12 and S13, Table S4 in the SI), nor splitting of the bands due to the degeneracy lifting in the Tr + case, that would be observable in our experiments (cf. Fig. S12 in the SI, degenerate bands always split by less than 1 cm −1 ). Overall, we found a good agreement between the measured and calculated band positions. However, in the case of Tr + , one major difference exists. The harmonic calculations provide only three infrared active bands, which can be rationalized by the high symmetry of Tr + which pertains to the D 7h point group symmetry (cf. Tab. S2 in the SI for descent in symmetry from D 7h to C 2v , in which calculations are performed). In the experimental spectrum, we found four bands, two bands including the additional one falling at low frequency. We note that two close-by bands in this range are also observed in some experiments in condensed phase. [15, 16, 17] Saturation depletion measurements established that bands (b) -(d) in the experimental spectrum ( Fig. 1 mode (not degenerate) should lay around 650 cm −1 (close to band (b), cf. Fig. S3 ). The performed saturation depletion measurements invalidate the hypothesis that both bands (a) and (b) are caused by distinct (T) and (P) Tr + · Ne isomers. We also excluded contribution from a triplet spin state, whose presence can lead to shifts in low energy modes for PAHs. [25] In the case of Tr + , it was found distorted and 3.3 eV above the ground state at the B3LYP/6-31G(d,p) level of theory (cf. Fig. S14 in the SI for its computed IR spectrum). The excited state can not survive many collisions with cold buffer gas and its spectrum does not contain features in the wavelength range of interest. The most likely scenario to account for bands (a) and (b), is that a combination band comes into close resonance with the fundamental CH out-of-plane bending mode, and borrows a significant part of its intensity. Our calculations show that the combination band involves the two lowest vibrational modes of Tr + and that the combination band is red shifted relative to the fundamental band (Tab. 2 and Tab. S5 in the SI). In our experiment, we can assign band (b) as the fundamental mode (i. e. the strongest band) since the initial dissociation rate of this band is higher and its band width at saturation is larger as compared to band (a) (Fig. 2) . Finally, our spectra do not include the CH stretch range. However, we learned while writing this manuscript that this range has recently been studied using a jet experiment and a table-top laser. [26] We recorded the mid-IR-PD spectra of C 7 H 7 + tagged with Ne at 10 K. + isomer is active. Red -wavelength at which the Tr + isomer is active. Magenta -both isomers active. Black -corresponds to nonresonant dissociation of the Ne tag (∼ 8 − 10 mJ/pulse). Numbers in the right column correspond to saturation depletion in percent. Letters refer to the bands shown in Fig. 1 . the experimental spectra with the harmonic calculated spectra show, that neither significant band shifts, nor band splitting are induced by the presence of the Ne tag, that can in particular induce a symmetry decrease in the case of Tr + . The Tr + spectrum exhibits an interesting strong resonance at low frequency between a combination band and the fundamental CH out-of-plane bending mode. Anharmonic calculations would help in providing a detailed quantitative study of this resonance. [27, 28] We used saturation depletion measurements to confirm the existence of only two long-lived isomers of C 7 H 7 + , and the obtained spectra support their initial structural assumption as Bz + and Tr + . [1, 9] The depletion technique in an ion trap has the advantage of being able to track the abundance of a well-defined isomer, contrary to the earlier reactivity method, which only has access to Bz + . This technique opens new perspectives for our understanding of the isomerisation paths of
Experimental Section
The ions are produced by electron bombardment in a storage type ion source [29] from benzyl chloride and toluene precursors. Ions of mass 91 u (C 7 H 7 + ) are mass selected in a quadrupole mass filter prior to being injected into the cryogenic 22 pole rf ion trap (nominal temperature 8 − 9 K), where they are cooled by a 100 ms long 3:1 He:Ne gas pulse. The high number gas density achieved during this pulse (n ∼ 10 14 cm −3 ) promotes ternary attachment of Ne to the bare ion producing Bz + · Ne and Tr + · Ne complexes. After the cooling and tagging sequence, the number density in the trap Figure 1) . Only the modes which are IR active are reported. Their symmetry in the point group of the molecular ion (C 2v ) are reported.
Mode Exp.
Calc Note: All frequencies in cm −1 , intensities in km · mol −1 . * -mode used to determine the scaling factor 0.974. Cf. -31G(d,p) ) obtained in the present work (see Figure 1) . Only the modes which are IR active are reported. Although they were computed in the C 2v symmetry point group, their symmetry in the point group of the molecular ion (D 7h ) are listed.
Ref.
Calc. ν ν ν (Inten.) Sym. ν c 630 633, [15] 634, [16] 655 [17] 
652 658, [15] 660, [16] 685 [17] 646(85.8) A" 2 ν 8 994 992, [15] 992 [16] 989(3.7) E' 1 ν 14 1486 1477, [15] 1477 [16] 1480(42.9) E' 1
Note: All frequencies in cm −1 , intensities in km · mol −1 . Scaling factor 0.974. νc is a combination band of the two lowest lying fundamental bands of Tr + . Cf. Fig. S16 -S18. in the SI for the visualisation of modes.
decreases quickly to a level where no further attachment takes place. The ion-Ne complex is then dissociated by infrared radiation provided by the FELIX FEL-2 free electron laser, [30] operated in the 500 − 1650 cm −1 range. The laser delivers up to 30 mJ in a single macropulse into the 22 pole trap with a repetition rate of 10 Hz and spectral bandwidth better than σ = 0.5%. After an irradiation time of typically 2.6 s the trap content is emptied through a mass filter onto a counting detector.
Entry for the + , 91 u) are mass selected in the source quadrupole and injected into the trap. At the same time, a buffer gas pulse (He:Ne mixture cca. 3:1, pulse length 100 ms) is applied in order to aid thermalisation and promote ternary attachment. The ionic products are extracted after 500 ms storage time and mass selected in the product quadrupole (abscissa). Nominal trap temperature is 9 K. We achieved up to 5 % Ne attachment. Note: Ions are produced in the storage ion source. They are extracted in a pulse shorter than 1 ms, after residence exceeding tens of ms. The amount of Bz + we report in this table, is not strictly the electron bombardment yield, but rather the product of ion-molecule reactions inside the source.
Ion production
*-lowest electron energy for reasonable ion yield.
Isomer composition -chemistry
The reaction of C 7 H 7 + with toluene
is used to determine the fraction of Bz + in the mixture. Time evolution of reactants and products in the trap is shown in Fig. S2 . + is calculated from the fitted parameters. We show the best conditions achieved for Bz + isomer (upper panel) and Tr + isomer (lower panel). Note: Ions are trapped using a He pulse (tens of ms) at the beginning of the cycle. Neutral reactant, toluene, is leaked into the trap continuously mixed with He carrier gas (∼ 3.5 %) and its estimated number density is 8 · 10 8 cm −3 . Nominal trap temperature is 240 − 250 K.
Calculations
All calculations were performed in Gaussian09. They were computed in the C 2v symmetry point group. The following methods and basis sets were used: ∆(E + ZPE) kJ · mol
Molecular structure (energetics)
Note: The wB97XD/cc-pvtz and MP2/cc-pvtz levels of theory are expected to be the best approaches used to describe the systems studied in this work (wB97XD takes into account dispersion and long range interactions, MP2 is post Hartree Fock, using large cc-pvtz basis set). Figure S3 : Structure of Bz + (a) and Tr + (b). The Tr + structure is energetically more favorable (Tab. S3). Figure S4 : Structure of Tr + ·Ne(T) with Ne on top of the molecular plane. This structure and the structure with Ne in the molecular plane (Fig. S5 ) are quasi degenerate (Tab. S3, especially at the wB97XD/cc-pvtz and MP2/cc-pvtz levels of theory).
Molecular structure of the bare ions

Molecular structure of the ion-Ne complex
July 31, 2018 S-5 Note: All frequencies in cm −1 . All modes except ω6 (I ∼ 80 km · mol −1 ) and ωNe 2 (I ∼ 3 km · mol −1 ) have zero intensities.
Comparison of different methods
Combination band of Tr
(T) -Ne on the of the molecular plane, (P) -Ne in the molecular plane. 
Excited electronic state of Tr
